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15 Abstract: Membrane distillation techniques appear as one of the most promise alternative to
16 guarantee the availability of potable water in time of scarce of this essential resource. For
17 membrane preparation, polyvinylidene fluoride (PVDF) is preferred due to the easier synthesis
18 procedures with respect to other fluorine based polymers. In this work, copper oxide nanoparticles

19 (CuONPs) at different weight percent (wt.%), embedded in PVDF membranes supported on
20 non-woven polyester fabric (NWPET) were prepared by the phase-inversion method, and
21 characterized by spectroscopy (ATR-FTIR, Raman) and electron microscopy techniques (SEM). The
22 PVDF deposited onto the NWPET was highly composed by its polar -phase (F( )=53 %) which
23 was determined from the ATR-FTIR spectrum. The F( ) value was kept constant, in the whole
24 range of CuONDPs studied (2-10 wt.%) as was determined from the ATR-FTIR spectrum. The
25 absence of signals corresponding to CuONPs in the ATR-FTIR spectra and the appearance of peaks
26 at 297, 360 and 630 cm-1 in the Raman spectra of the membranes suggested that the CuONPs are
27 preferably located in the inner of the membrane but not on its surface. The membrane
28 morphologies were characterized by SEM. From the obtained SEM micrographs, a decrease and

29 increase in the amount of micropores and nanopores, respectively, near to the surface and
30 intercalated in the finger-like layer were observed. As result of the CuONPs addition, the
31 nanopores in the sponge-like layer decrease in size. The values of water contact angle (WCA)
32 measurements showed a trend to decrease from 94° to 80° upon the addition of CuONPs (2-10
33 wt.%) indicating a diminish in the hydrophobicity degree of the membranes. Apparently, the
34 increase in the amount of nanopores near to the surface decreased the membrane roughness

35 becoming less hydrophobic.
36
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44 1. Introduction

45 It is expected that for 2025, the total water shortage will affect 1.8 billion people around the
46  world and the 66% of total populations could be living under water stress conditions. The need to
47  find adequate technologies to supply water and guarantee the livelihood of the human being is a
48  task to accomplish in the short-medium term. Oceans represent the ~97% of the global water reserves
49  and therefore water desalinization techniques have gained the attention to fulfill its demand in a
50  potable form [1]. Accordingly, Membrane Distillation (MD) technique appears as one of the most
51  promising technologies to obtain potable water from seawater [2].

52 Membrane distillation is a separation process from which vapor molecules of water, driven by
53  a thermal gradient, pass through a porous hydrophobic membrane [3]. This technique displays
54  several advantages compared to other existing ones (thermal desalinization and reverse osmosis),
55  such as a very high rejection of non-volatile solute, lower operating temperature and pressure and
56  the possibility to use low-grade energy sources (e.g., waste heat) as well as the use of renewable
57  energy sources (e.g., solar and geothermal). The reasons mentioned above not only make the MD an
58  economically feasible solution but also emerges as an environmentally friendly alternative for water
59  purification.

60 Considering the characteristics of the separation process, the membranes for MD should have
61  high permeability, low tendency to fouling, high chemical and thermal stability and a relatively high
62  hydrophobic degree. These features can be achieved by controlling the thickness, porosity, mean
63  pore size, pore size distribution, geometry and composition of the membranes. The hydrophobicity
64  is a crucial parameter and should be high enough to withstand a high liquid entry pressure (LEP).
65  This should allow that only the water vapor enters the pores of the membrane without
66  moistening[1,3].

67 The most common hydrophobic membranes used for MD are made up of fluoropolymers. From
68  this type of polymers i.e., polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) has
69  been widely applied due to their higher mechanical, chemical and heat resistance in comparison
70 with other hydrophobic materials [1]. Although PTFE is the most hydrophobic, it exhibits low
71 solubility in commons solvents, membranes fabricated from this polymer should be obtained by
72 stretching or thermal methods which lead to a relatively low porosity and restricts their
73 processability. Conversely, PVDF is soluble in varied common solvents which would allow the
74 incorporation of several additives, for the purpose of achieving new properties and preparation of
75  hierarchical composite membranes via non-solvent induced phase separation (NIPS) process or via
76  phase inversion techniques [4].

77 Important issues should be considered for the preparation of MD membranes with industrial
78  applications which are related to the mass flux, heat loss across the membrane, fouling problems and
79  mechanical strength. As inferred, these issues would play a key role in the efficiency of the process.
80  Flat-sheet PVDF membranes supported in non-woven polyester fabric (NWPET) yield
81  hydrophilic/hydrophobic layers wich additionaly to accomplish with the mass flux increases and
82  avoids the heat loss, confers significantly mechanical strength to the membrane. [1,3,5].

83 The modification of roughness and hydrophobicity of the membrane for increasing the
84  efficiency in separation has also been addressed in the past. A direct way to tune these parameters is
85 by incorporating inorganic nanoparticles into the membrane [4,6]. A widely used simple method to
86  incorporate such type of nanoparticles is by adding into a polymer solution [4,7,8]. Several inorganic
87 nanoparticles such TiOz, SiO2, Mg(OH)2, Al:0s, ZnO, CaCOs have been incorporated into PVDF
88  membranes [4,9-12]. In this context, an type of metal nanoparticles that potentially would enable to
89  improve the performance and properties of MD is copper oxide nanoparticles (CuONPs). To the best
90  our knowledge, the use and properties of CuONPs in MD preparation (compared to other types of
91  metal oxide nanoparticles) has been scarcely reported in literature to date. [13-15].

92 CuONPs embedded into PVDF membranes trend to enlarge the surface pores and thickening
93 the finger-like layer [14,15]. This structural membrane features induced an increase in flux by ~150 %
94 atrelatively low working-temperature (27.5 °C). Interestingly, the incorporation of CuONPs did not
95  dramatically affect the membrane selectivity [14]. Recently, Zhao et. al prepared PVDF composite
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96  membranes using copper oxide nanoparticles and graphene oxide as nanofillers[15]. The obtained
97  composite membrane showed a higher permeation since resulted in finger-like macro-voids and
98  thinner interconnected pores when compared to the non-filled membrane.

99 Although in the literature it is reported the preparation of CuONPs PVDF composite

100  membranes and PVDF membranes supported onto NWPET, none of the encountered reports deal
101  with the combination of both features. Accordingly and based on these previous reports it is
102 probable that the best performance of the here obtained membrane occurs in direct contact or
103 vacuum membrane distillation setups[14,16]
104 In the present work, we prepared and characterizeda novel CuONPs embedded PVDEF
105  composite membrane, as the hydrophobic layer, supported onto non-woven polyester fabric as the
106  hydrophilic layer. Special emphasis is placed on the presence of the CuONPs which would influence
107  the size and morphology of the pores in each sublayer of the membrane. Additionally, acorrelation
108  between the values of water contact angles with the size of the pores distributed along the
109  membrane was detected. The motivation to carry out the study of the preparation and
110 characterization of these hydrophobic/hydrophilic composite membranes arises in order to offer
111 potential alternatives for technological solutions related to the water supply in the future.

112
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113 2. Materials and Methods

114 Polydivinylfluoride (PVDEF), copper (II) sulfate pentahydrate (CuSOsx 5 H20, 98.0 %) and
115  N,N-dimethtylformamide (DMF) were purchased from Sigma-Aldrich (Milwaukee, WI, USA) and
116  were used without further purification. Non-woven polyester fabric (NWPET) was purchased from
117  ImportadoraDilaco S.A. (Santiago, Chile).

118  Preparation of CuONPs

119 Copper oxide nanoparticles (CuONPs) were prepared using DMF as reducing and stabilizing
120 agent according to the previous reports in literature[17,18]. Typically, CuSOs x 5 H20 (0.2 g) was
121 poured into a two-neck glass flask containing DMF (10 mL). The flask was connected to a reflux
122 system and heated to 120 °C for 5 h under constant stirring. The solution color turned from a light
123 green to yellowish as the copper oxide nanoparticles were formed. This solution served as stock for
124 the preparation of the doped CuONPs/PVDF membranes at different compositions.

125 Preparation of composite NWPET-PVDF membranes neat and doped with CuONPs

126  Selection of PVDF concentration for preparing the films

127 The composite NWPET-PVDF membranes were prepared by the phase inversion method as
128  follows: The casting solutions (1ImL) at different PVDF concentrations (25 mg/mL, 50 mg/mL and 200
129 mg/mL) were stirred for 24 h at room temperature to guarantee a homogeneous polymer solution.
130 The resulting casting solutions were spread onto the NWPET fabric helped by a made-hand alumina
131  template (~1 mm of thickness), in order to minimize the polydispersity in films thickness (Figure 1).
132 The solutions spread on the NWPET surface was left stand for 20 s before they were sinking, for 24 h,
133 in distilled water at 25 °C to promote the precipitation of the PVDF. The prepared composite
134 membranes were left dried in a desiccator with P2Os for further use.

135 Figure 1. Methodology used for preparing composite membranes.

136  Preparation of the NWPET-PVDF composite membranes doped with CuONPs

137 The CuONPs embedded in the membranes were prepared similar to as was mentioned above
138  but previously dissolving the PVDF (200 mg) in DMF solutions of CuONPs (1 mL) prepared from
139 the CuONPs stock solution (the volumes were adjusted to obtain 2, 4, 6, 8 and 10 wt.%
140  CuONPs/PVDEF). The previously mixed solutions of PVDF and CuONPs were sonicated during 30
141  min to guarantee the dispersion of nanoparticles in the whole volume. Then, the solutions were
142 spread over the NWPET surface as was mentioned before.

143 Membrane morphology studies

144 The membrane morphology was studied using a Scanning Electron Microscope Zeizz, model
145  EVO MA 10. The cross-section SEM micrographs were acquired by fracturing the membranes using
146  liquid nitrogen to freeze them and a surgical scalpel to cut the NWPET. The membranes were coated
147  with gold, using a Cressington-108 auto Sputter Coater. The measures and process of the obtained
148  SEM micrographs was performed using the free Image] (version 1.46]/Fiji) software from the
149  National Institute of Health. USA[19].
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150  ATR-FT-IR and Raman spectroscopy

151 Infrared spectra were recorded on a Perkin-Elmer Spectrum-Two spectrometer with a UATR
152 unit coupled. The deposited polyester PVDF face was directly positioned over the diamond, pressed
153  until the 30% of the total supported pressure and scanned in the range of 4000 to 500 cm-! with a
154  resolution of 1 ecm. The B-phase fraction (F(B)) of the different PVDF covered NWPET was
155  determined from the absorbance of the IR bands at 764 cm-(4,)and 840 cm(A ,;)using the equation

156  1]20].
157 FB) = ——a8 1
(B)_1.26Aa+,4,, m
158 Raman Spectra were recorded on a DeltaNu benchtop Raman spectrophotometer with a 785 nm

159  laser. For each sample, ten spectra were recorded for each one with a 5s of integration time.

160  Contact angle measurements

161 The contact angle was determined by the technique of the sessile drop using a Dataphysics
162 OCA 20. A syringe, connected to a capillary of Teflon of approximately 2 mm of internal diameter
163 was used to deposit the water drop on the samples. All measurements were done at room
164  temperature. The acquisition of the images was carried out by computational processing of the drop
165  profile on the membranes.

166
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3. Results and Discussion

3.1 Determination of PVDF concentration to prepare the composite membranes

The concentration of PVDF solution to ensure the total covering of the NWPET surface was
determined by spreading, onto the fabric, polymer solutions at 25, 50 and 200 mg/mL and recording

Figure 2. SEM micrograph of a) neat NWPET fiber (a) and covered by depositing the casting solution
atb) 25 g/L, c) 50 g/ and d) 200 g/L of PVDF concentration. (Magnification 21x; scale bar 200 pm).

The NWPET fabric is composed of PET fibers randomly aligned and jointed by the pressing of
the fabric (squares shapes in Figure 2a). As can be noted, by using the lowest PVDF concentration
(Figure 2b) a heterogeneous surface morphology was obtained. At this concentration, the polymer
amount is not enough to cover all the surface showing certain domains of the PVDEF films
intercalated within the NWPET. When the PVDF concentration is incremented to 50 mg/mL, the
surface appears totally covered; however the pattern of the pressed fabric and also the fibers
contours are observed (Figure 2c). This would indicate that despite the film thickness a
homogeneous surface is not observed. At the highest PVDF concentration, the surface is apparently
covered (Figure 1d) although some fabric fibers (it is likely that those fibers are far from the pressure
zones far from the pressing zones) still emerging at the surface of films as detected by ATR-FTIR
spectroscopy. Thereby, we considered that this concentration (200 mg/mL) was adequate to prepare
the flat-sheet surfaces as higher concentration the viscosity of the medium increased considerably..

3.2 ATR-FT-IR and Raman CuO@PVDF Characterization

The PDVF covered NWPET prepared in absence and presence of CuONPs were characterized
by ATR-FT-IR and Raman spectroscopy (Figure 3). Figure 3a shows the ATR-FT-IR spectra recorded
to the neat and covered NWPET with PVDFfilms. The FT_IR spectrum of neat NWPET shows the
characteristic peaks of this material at 1713 cm! (-CO stretching), 1238 cm? (-C(CO)O- stretching)

d0i:10.20944/preprints201807.0112.v1
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192 and 1092 em! (-OCC- stretching). When PVDF solution was spread over NWPET surface, the peaks
193 at 1713 cm and 1238 cm-! decrease in intensity while the peak at 1092 is overlapped by a new intense
194  band at 1182 cm. This band corresponds to the asymmetric stretch of the -CF. while the symmetric
195  component was recorded at 1073 cm.
a)
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196
197 Figure 3. ATR-FTIR spectra of a) neat NWPET and PVDF covered NWPET and b) NWPET-PVDF
198 membranes prepared at different CuONPs/PVDF compositions. c¢) Dependence of the B-phase
199 fraction with the CUONPs/PVDF composition.
200 The infrared spectrum of PVDF mainly covers the low wavenumber region (Figure 3b). The

201  -CF» wagging (489 cm) and bending (610 cm), the skeletal bending (764 cm), the -CH> rocking
202 (795 cm) and twisting (975 cm) are some of the peaks characteristic of the non-polar a-phase of
203 PVDF (indicated by black arrows, Figure 3a) [13,21,22]. Two peaks, labeled with black arrows in
204  Figure 3a (at 510 cm! and 840 cm-'corresponding to the -CF: stretching -CH: rocking, respectively)
205  were also recorded. These peaks would indicate the presence of a B-phase of the PVDF (B-PVDF).
206  The intensity of the peak at 840 cm! suggests an important contribution of the polar B-PVDF to the
207  polymer structure. Interestingly, in neat PVDF prepared by phase inversion methods, the fraction of
208  the polar B-phase in the polymer structure is very low (F(B)<35%) [13,22]. The F(B) value of the
209  polymer deposited onto the non-woven PET indicates that the 53 % corresponds to the B-phase.
210  These results suggest that the adhesion of the PVDF to NWPET favors the B-phase conformation.
211  Thereby, the observed changes in the intensities of the signals as well as the presence of others
212 additional corresponding to the PVDEF, help confirm the presence of the polymer on the NWPET
213 surface.

214 The infrared spectrum of the PVDF films prepared in presence of CuONPs is shown in Figure
215  3b). Apparently, the presence of CuUONPs did not dramatically affect the intensity and wavenumber
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216  of the signals. (note the signals labeled by dashed lines). To verify the effect of the addition of
217  CuONPs in the crystallinity of the polymer, the fractions of F(B) were determined (Figure 3c) for
218  each sample.

219 It is reported that the addition of metal oxide nanoparticles to the PVDF casting solution causes
220  the a- to B-phase conversion [13,22]. As can be noted, the F(B) values are similar within the studied
221  CuONPs composition range (2-10 wt. %). This result could suggest that the crystallinity of the PVDF
222 films is mainly influenced by the deposition onto the non-woven PET and not by the addition of
223 CuONPs. Independently of the CuONPs not evidences of these were encountered in the ATR-FTIR
224 spectrum. The absence of a peak corresponding to Cu-O strength at 532 cm-! indicates that CuONPs
225  arenot present, at least, at the films surface.

226 In order to explore more deeply into the polymer films and detect the presence of CuONDPs,
227  Raman spectra to the PVDF films prepared at different concentrations of CuONPs were recorded.
228  Raman spectra were recorded using a laser of 785 nm wavelength to guarantee its penetration into
229  the sample. The Raman spectrum of the NWPET-PVDF (Figure 4), in the lower wavenumber region
230  shows the characteristic signals of PVDF at 284, 410, 498 and 609 cm-[21]. The NWPET-PVDF films
231  prepared with CuONPs, show three additional peaks at 297, 360 and 630 cm-! (arrows in Figure 4).
232 These peaks are assigned to the three Raman active modes of the CuO (A; + 2B;) evidencing the
233 presence of the CuONPs embedded into the polymer matrix [23].
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235 Figure 4.Raman spectra of the NWPET-PVDF membranes prepared at different CuONPs/PVDF
236 wt.%.
237 A possible explanation of the absence of CuONPs on the NWPET-PVDF surface is due to their

238  relatively easy dispersability in water, the precipitation kinetics of the polymer and the diffusion rate
239 of the CuONPs through the polymer media. The rapid precipitation of the polymer, upon sinking
240  the PVDF impregnate NWPET in water, causes that the CuONPs near to the interface escapes from
241  it. Although, the diffusion of CuONPs in the inner of the PVDF is slow due to the high viscosity of
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the media giving raise to the retention of nanoparticles during the precipitation process. It is likely
that the CuONPs are present deeper in the pores of NWPET-PVDF membranes[14].

3.3 SEM characterization

To analyze the pore morphologies of the prepared membranes at different CuONPs
compositions, the corresponding cross-section SEM micrographs were recorded (Figure 5). The
membranes are composed from a top PVDF layer attached to a second one formed by the NWPET
fabric (Figure 1). The PVDF and NWPET layers exhibit pores with finger-like and sponge-like
morphologies, respectively. The size of PVDF and NWPET pores is in the order of micrometers and
nanometers, respectively. This pattern was observed in all the prepared membranes (Figure 5).

Figure 5. Cross-section SEM micrographs of the PVDE-NWPET samples a) neat PVDF-NWPET and
b-f) doped with 2, 4, 6, 8, 10% of CuONPs; respectively. The scale bars represent 2 um, unless a) (0 %)
that is 10 pm.

The finger-like pores of the composite membranes in absence of CuONPs, appears aligned and
extended to the center of the membrane in a compact distribution. The sponge-like and finger-like
porous layers are well defined by a linear boundary along all the membrane as can be observed in
Figure 5a.

The addition of the CuONPs to the casting solution causes the loss of the mentioned above
linear boundary even at lower concentrations. Although, at 2 wt.% of CuONPs the linear finger-like
structures dominates the morphology (Figure5b). By increasing the CuONPs content to 4 wt.% and 6
wt.%, Figure 5c and 5d; respectively, the pores adopt a tear-like morphology. Interestingly, at higher
amounts of CuONPs (over 6 %), the sponge-like layer growth upward to the surface, surrounding
and therefore diminishing the number of tear-like pores (Figure 5e). At the highest amount of
CuONPs (10%), the membrane morphology is dominated by the sponge-like structure with certain
micropores, apparently from the collapsing of the tear-like pores. Additionally, at this concentration
some crystalline structures located at the boundary between the sponge and tear-like pores are
observed (Figure 5f, arrows). These structures should correspond to the CuONPs due to at high
concentration tends to aggregates to diminish the excess of surface energy related with their size. It
is possible to infer that under the used conditions, this aggregation occurred at concentration higher
than 8 wt.%, since in the other cross-sectioned SEM micrographs (wt.% < 8%) these structures were
not observed. Similar results have been reported in mixed composite PVDF membranes prepared in
presence of graphene oxide and CuxO (x=1 or 2) nanoparticles [14,15].

d0i:10.20944/preprints201807.0112.v1
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275 The presence of CuONPs not only affected the morphology of the finger-like layer but also the
276  depth of these have a markedly decrease at the lowest CuONPs content (2%) (Figure 6). The addition
277  of 2% of CuONPs causes an increase in the viscosity of the solution [14]. Consequently, the ability of
278  water to penetrate into the casting solution and form finger-like pores decrease. As can be noted,
279  with the 2% of CuONPs, this effect is clearly noted. The increasing in the CuONPs content not
280  dramatically affected the pore depth (Figure 6, left panel. Additionally, the increasing of the
281  CuONPs amount causes that both the pore size of the sponge-like structure and layer thickness
282  decrease (Figure 6, right panel).
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284 Figure 6. Effect of the CuONPs wt.% in the depth of the finger-like pores (left panel). SEM
285 micrographs of the sponge-like layer at different CuONPs content; a) 0 wt.%, b) 2 wt.%, c) 4 wt.%, d)
286 6 wt.%, e) 8 wt.% and f) 10 wt.%). All images has the same size.
287 The distribution, morphology and size of the pores in the PVDF membranes are influenced by

288  the contribution of the thermodynamic and the kinetic factors during the precipitation of the
289  polymer (demixing process). Thermodynamically, the higher the instability of the casting solution,
290  the high the demixing rate during the phase separation process. Therefore, more finger-like
291  structures and less sponge-like structures are formed. From the kinetic perspective, the higher the
292 viscosity of the casting solution, the lower the solvent/non-solvent exchange rate which causes a
293  retard in the demixing process. This retard results in the formation of less finger-like structure and
294  more sponge-like structure [24]. Therefore, we can suggest that the addition of CuONPs did not
295  affects the stability of the polymer solution (thermodynamic) during the demixing process, but the
296  precipitation rate (kinetic) due to the increase of the solution viscosity. Therefore, the membranes
297  structures here obtained are dominated by kinetics and not by thermodynamics of the phase
298  separation process.

299 3.4 Contact angle measurements

300 A crucial factor in the efficiency of the MD processes is the membrane hydrophobicity. In a
301  membrane, this parameter depends on its roughness and surface energy [24] Therefore, the
302  hydrophobicity of the obtained NWPET-PVDF composite membranes was evaluated by WAC
303  measurements (Figure 7).
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Figure 7. Dependence of the water contact angle with the amount of CuUONPs (wt.%).

In absence of CuONPs, the NWPET-PVDF membrane shows a WCA higher than 90° a
characteristic value for hydrophobic materials. By preparing the membrane with 2 wt.% of CuONPs,
the WCA decreases by c.a. 15 degrees, indicating a less hydrophobic character. Further increase in
the CuONPs content, i.e from 4 wt.% to 10 wt.% lead to a slow decrease in the WCA.

As was mentioned before, by ATR-FTIR, CuONPs were not detected at the membrane surface.
Additionally, the F(B) values did not varied with the CuONPs wt.%. From these two results, we can
suggest that the decrease in the hydrophobicity should not be related to a decrease in the surface
energy but to changes in the roughness of the membranes upon the addition of nanoparticles.

Figure 8 shows the surface and top skin cross-section SEM micrograph taken to the
NWPET-PVDF membranes prepared in absence (0 %) and presence of the CuONPs (2 to 10 wt.%).
The neat NWPET-PVDF membrane (Figure 8a) shows a porous and rough surface with pores sizes
larger than 200 nm. The addition of 2 wt.% of CuONDPs to the casting solution causes that both, the
surface roughness and the pore sizes on itdecrease (< 200 nm) (Figure 8b). The trend to decrease of
both parameters continue by increasing the CuONPs wt.% from 4% to 10% (Figure 8c-f). At 10 wt.%
of CuONPs, an smooth and quasi absent of pores surface was obtained.

wag = soo0cx | 200 Nm

Figure 8. Top and cross-section SEM micrographs of the NWPET-PVDF membranes prepared a) in
absence (wt. 0%) and b-f) presence of CuONPs (2, 4, 6, 8 and 10 wt.%; respectively). Scale bars of
top-view= 200 nm, cross-section=1 pm.

By a simple inspection of the rectangles inset on top of each figure, it is possible to note that the
increases of the CuONPs wt.%, lead to a decrease of the micropores extended to the surface and an
increase in the amount of nanopores just below the membrane surface. The change in the pore

d0i:10.20944/preprints201807.0112.v1
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328  distribution should be the responsible of the decrease of the surface roughness and hence the
329  observed decrease in the WCA measurements upon the addition of CuONPs.

330 4. Conclusions

331 PVDF membranes with different wt.% of CuONPs embedded and supported in NWPET can be
332 prepared by the phase inversion method. The deposition of PVDF solution on NWPET leads to an
333 enhancement of the polar B-phase of the deposited polymer, which no varies with the amount of
334 CuONPs. In these composites membranes the CuONPs are located in the inner of the membrane.
335  The resulting membranes become less hydrophobic upon the addition of the nanoparticles. We
336  suggest that the loss in its hydrophobicity arises from the decrease of the membrane roughness and
337  notdue to changes in its surface energy.
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